Despite the importance of dynamic changes in the regional distributions of gas and blood during the breathing cycle for lung function in the mechanically ventilated patient, no quantitative data on such cyclic changes are currently available. We used a novel gated synchrotron computed tomography imaging to quantitatively image regional lung gas volume (Vg), tissue density, and blood volume (Vb) in six anesthetized, paralyzed, and mechanically ventilated rabbits with normal lungs. Images were repeatedly collected during ventilation and steady-state inhalation of 50% xenon, or iodine infusion. Data were acquired in a dependent and nondependent image level, at zero endexpiratory pressure (ZEEP) and 9 cm H 2 O (positive end-expiratory pressure), and a tidal volume (VT) of 6 ml/kg (VT1) or 9 ml/kg (VT2) at an Inspiratory:Expiratory ratio of 0.5 or 1.7 by applying an end-inspiratory pause. A video showing dynamic decreases in Vb during inspiration is presented. Vb decreased with positive end-expiratory pressure (P = 0.006; P = 0.036 versus VT1-ZEEP and VT2-ZEEP, respectively), and showed larger oscillations at the dependent image level, whereas a 45% increase in VT did not have a significant effect. End-inspiratory Vb minima were reduced by an end-inspiratory pause (P = 0.042, P = 0.006 at nondependent and dependent levels, respectively). Normalized regional Vg:Vb ratio increased upon inspiration. Our data demonstrate, for the first time, within-tidal cyclic variations in regional pulmonary Vb. The quantitative matching of regional Vg and Vb improved upon inspiration under ZEEP. Further study is underway to determine whether these phenomena affect intratidal gas exchange.
Our data demonstrate, for the first time, cyclic variations in regional pulmonary blood volume (Vb) during the respiratory cycle. The magnitude of the cyclic changes in regional Vb was significantly affected by gravity, positive end-expiratory pressure, and Inspiratory:Expiratory ratio. The quantitative matching of regional gas volume and Vb improved upon inspiration under zero end-expiratory pressure. Further study is underway to determine whether these phenomena affect intra-tidal gas exchange.
Changes in lung volume during positivepressure ventilation have a significant effect on pulmonary vascular resistance (PVR) in normal lung. Pulmonary blood vessels act as Starling resistors, differentially affected by their surrounding pressure as well as by radial interstitial tethering forces determined by lung volume (1) .
Under mechanical ventilation, the rise in lung volume above functional residual capacity (FRC) during inspiration causes the transmural pressure in small pulmonary arterioles, capillaries, and veinules-referred to as alveolar vessels-to drop, reducing their volume and increasing resistance to flow (2) . Larger pulmonary arteries and veins categorized as extra-alveolar vessels are more affected by radial interstitial tethering forces that increase their volume upon inspiration. The overall effect of lung inflation above FRC is a reduced pulmonary blood volume (Vb) that raises the lung vascular resistance and right ventricular afterload (2) . On the other hand, the intrathoracic pressure increases during positive-pressure breathing directly affect right atrial pressure, causing venous return to decrease. This, in turn, may reduce right ventricular filling and stroke volume, an important determinant of pulmonary Vb (3) .
Most of what is known on the interaction between lung volume, alveolar pressure (P alv ), and the pulmonary capillary volume and calibers is based on studies in static conditions, either of the relation between airway pressures and PVR (4, 5) , or postmortem capillary morphology (6, 7) . The oscillations in pulmonary Vb are, however, likely to occur dynamically within the respiratory cycle. These oscillations have been indirectly estimated by comparing right and left ventricular outflows in pigs (8) .
Despite the potential significance of dynamic changes in the regional distributions of gas and blood during the breathing cycle for lung function in the mechanically ventilated patient, no quantitative data on such cyclic changes are currently available. Importantly, there are little if any data on the effect of mechanical ventilation settings, such as tidal volume (VT) and positive end-expiratory pressure (PEEP) on dynamic changes in Vb distribution with assisted breathing.
Here, we describe an imaging technique that allows mapping the dynamic changes in the regional distribution of blood and gas volumes (Vg) within the respiratory cycle, under mechanical ventilation. The technique uses dual energy synchrotron radiation beams to image the quantitative distribution of contrast elements, such as inhaled stable xenon (Xe) gas within the airspaces, or injected iodine in blood (9, 10) . We introduced a gating procedure through which the regional distributions of gas and blood could be mapped at several time points during the respiratory cycle. The present study was undertaken to test the hypothesis that regional blood distribution within the lung varies dynamically during the breathing cycle. We further assessed the effect of gravity, VT, end-expiratory pressure, and the inclusion of an inspiratory pause, on the dynamic changes in regional blood and gas distributions. Some of the results of these studies have been previously reported in the form of an abstract (11) .
Materials and Methods

Animal Preparation
A detailed description of the experimental procedures is provided in the online supplement. The experiments were performed on six upright rabbits (2.9 6 0.1 kg), anesthetized, paralyzed, and mechanically ventilated in volume-control mode, initially with: a VT of 6 ml/kg; a fraction of inspired oxygen of 0.5; an ispiratory:expiratory (I:E) ratio of 1:2; a PEEP of 3 cm H 2 O; and a respiratory rate set to obtain an arterial carbon dioxide pressure of approximately 40 mm Hg. The animals were immobilized in an upright position for imaging.
Study Protocol
After a recruitment maneuver (20 cm H 2 O, 10 s), ventilation settings were randomly assigned to either 0 PEEP (ZEEP) and a VT of 6 ml/kg (VT1-ZEEP), ZEEP and a VT of 9 ml/kg (VT2-ZEEP), or PEEP of 9 cm H 2 O and VT1 (VT1-PEEP). Synchrotron imaging was performed consecutively at a dependent and nondependent axial image level, during Xe The experiments were performed at the European Synchrotron Radiation Facility (ESRF-ID17, Grenoble, France). K-edge subtraction (KES) imaging allows quantitative measurements of regional specific ventilation, Vg, and Vb (10, 12) . The methodology has been described previously (9, (12) (13) (14) . Briefly, this imaging technique uses two X-ray beams at slightly different energies that can be tuned above and below the K-shell energy (34.56 keV) of a contrast element, such as Xe or iodine. Two computed tomography images are thus simultaneously acquired during the inhalation of stable Xe or infusion of iodine. The density due to the contrast element can be separated from that of tissue in each image voxel using a specifically developed computer algorithm (9, 10, 13, 15) .
Image Gating Procedure and Analysis
Cross-sectional images can be reconstructed from 720 line projections acquired over 360 8 in 1 second. We used a gating procedure where projections were acquired continuously over 200 seconds during continuous ventilation (see Figure E1 in the online supplement). A sequence of two respiratory cycles, one of which included an EIP, was divided into 30 consecutive intervals. By sorting the projections belonging to a specific within-breath interval and projection angle from the entire acquisition, we were able to reconstruct two-dimensional cross-sectional images at each of the 30 time intervals. Regional Vgs and Vbs were summed within each axial image level and expressed versus time.
Statistical Analysis
The scatters in the parameters were expressed by the SEM values. Two-way repeated measures ANOVA was applied with ventilation setting and pattern (EIP versus no EIP) or level (nondependent versus dependent) as within-subject variables. Blood gas data were analyzed by one-way repeated-measures ANOVA. Pairwise comparisons were performed by using Student-Newman-Keuls multiple comparison procedures. Comparison of regional Vb between standard and gated KES images was performed by paired Student's t test. The statistical analyses were conducted using SigmaPlot (version 11.0; Systat Software, Inc., Chicago, IL). All statistical tests were performed with a significance level of P less than 0.05.
Results
Gas exchange data are summarized in Table 1 . There were no significant differences in the arterial blood gases between the ventilation settings. The systemic hemodynamic data are shown in Table 2 . There was no significant difference in systolic and mean arterial pressures (P pa s) between ventilation settings. In respiratory cycles with an EIP, P pa s were lower, and the drop in systolic pressure during the respiratory cycle was larger regardless of the ventilation settings (P = 0.002, P , 0.001, and P , 0.001 in VT1-ZEEP, VT2-ZEEP, and VT1-PEEP, respectively). VT, maximal and plateau pressure, and PEEP are summarized in Table 3 . Plateau pressure was lowest on VT1-ZEEP followed by VT2-ZEEP (P , 0.001 versus VT1-ZEEP), and highest on VT1-PEEP (P , 0.001 versus VT2-ZEEP). Video animations showing the withinbreath changes in regional lung gas and blood distributions were produced with each ventilation setting. Representative examples at VT1-ZEEP are included in the online supplement (Videos 1 and 2). Simultaneous images showing lung tissue density were obtained and are included. The latter demonstrated no sign of cyclic recruitment of atelectasis. In addition, both Xe and tissue-density projection images showed no evidence of atelectasis ( Figure E2 ). Figure 1 shows still images of the regional gas and blood distributions at both axial levels, at endexpiration and end-inspiration at VT1-ZEEP. Similar images in the other experimental settings can be found in the online supplement ( Figure E3 ). Comparison of standard KES images at iodine energy obtained on VT1-ZEEP during a single end-expiratory apnea with gated end-expiratory images (n = 6 animals 3 two levels) showed no significant difference in regional Vb (P = 0.119).
Upon inspiration, as regional Vg increased, Vb decreased, with the opposite occurring during expiration. Cyclic variations of both parameters with time are shown in Figures 2 and 3 . Although the absolute value of regional gas was larger at the dependent level, the relative changes in Vg were similar at the two image levels. In addition, Vb was consistently lower in the ventral compared with the dorsal half of the image slice, although intrabreath oscillations were not significantly affected by anatomic location within the image slice ( Figure E5 , Table E1 ). Conversely, the intrabreath oscillations in regional Vb were larger at the dependent compared with the nondependent level ( Figure 3 ). These oscillations were significantly affected by PEEP: the end-expiratory maxima in regional Vb ( Figure 4) were significantly lower on PEEP compared with both ZEEP conditions (P = 0.006, P = 0.036 versus VT1-ZEEP and VT2-ZEEP, respectively). In addition, the magnitude of Vb oscillation was reduced by PEEP at the dependent image level. VT, however, did not significantly affect the end-expiratory maximal values of Vb (P = 0.139, VT2-ZEEP versus VT1-ZEEP). On the other hand, the effect of PEEP and VT on the minimum Vbs at end inspiration was not statistically significant. The end-inspiratory minima were slightly, but significantly, reduced during the EIP at both axial image levels (P = 0.042, P = 0.006 at nondependent and dependent levels, respectively) compared with the breath without an EIP. The inhomogeneity in gas distribution, as reflected by the SD of Xe concentration, decreased significantly upon inspiration ( Figure E4 ) at both image levels, on VT1-ZEEP and VT2-ZEEP. On VT1-PEEP, at end-expiration, the SD values were significantly lower than VT1-ZEEP, without significant within-tidal changes thereafter. The inhomogeneity in blood distribution also significantly decreased, but only at the dependent level under VT1-ZEEP conditions ( Figure E5 ). Figure 5 shows the relationship between regional Vg and Vbs at the two axial image levels. At both levels, dynamic intrabreath changes in regional Vb depended on the amount of gas, regardless of VT and PEEP. Although significant at both levels, this relationship was stronger at the dependent level.
The time evolution of the ratio of mean-normalized Vg to Vb is shown in Figure 6 . This parameter rose upon inspiration and dropped during expiration. The end-expiratory minima were significantly increased by PEEP (P = 0.004, P = 0.010 versus VT1-ZEEP and VT2-ZEEP, respectively at the nondependent level, and P , 0.001 versus both VT-ZEEP and VT2-ZEEP at the dependent level). The endinspiratory maximal values were above 1 and approached roughly 1.2, particularly at the nondependent level (Figure 7 ), and were slightly, but significantly, higher during the EIP (P = 0.001, P , 0.001 at the nondependent and dependent levels, respectively). Cardiac output (CO) measured in a separate group of supine animals is shown in Figure E7 . This parameter did not change significantly at higher VT, but was reduced with PEEP.
Discussion
The goal of this study was to describe how regional lung Vb dynamically changes within the breathing cycle under mechanical ventilation, and to determine the effect of gravity, VT, PEEP, and an increased I:E Video 2. Representative video animation showing the within-tidal evolution of regional gas (Vg; left column) and blood (Vb; right column) distribution in the nondependent image slice in the VT2-ZEEP condition. Lower row shows corresponding tissue density images. ratio on this distribution. To our knowledge, this is the first time the dynamic changes of regional Vb are described in vivo in an intact lung. Our data show that: (1) regional Vb cyclically decreases with lung inflation; (2) the magnitude of this decrease was larger at the dependent image level; (3) a 45% increase in VT did not have a significant effect, whereas a PEEP of 9 cmH 2 O decreased the regional Vb; and (4) increasing I:E through an end-inspiratory pause caused further dynamic decreases in regional Vb.
Upon inspiration, the increase in the gas fraction within the image voxels leads to an apparent dilution of blood and tissue. Using KES imaging, blood and tissue are measured separately, assuming all iodine contrast is contained in the blood. Moreover, upon inspiration, the volume of lung tissue within the image slice increases, whereas the fraction of blood within each image voxel decreases. If the apparent dilution of blood by air, previously referred to as the "Slinky effect" (16) , were the only mechanism at play, then summing up the Vb contained in each image voxel over the entire image slice should not show any significant variation between inspiration and expiration. Conversely, we found that the sum of the blood content of all voxels within the lung image decreases on inspiration, despite a larger number of voxels. The decrease in regional Vb upon inspiration could, therefore, not be explained merely by lung tissue deformation.
Mechanisms potentially involved in the cyclic variations of regional Vb under positive-pressure ventilation are multiple. First, the increase in intrathoracic pressure and lung volume during assisted inspiration reduces systemic venous return and right ventricular preload, due to the concomitant rise in right atrial pressure (17) . Both increases in VT and PEEP can contribute to this mechanism (18) .
Second, positive P alv during inspiration can reduce the volume of alveolar vessels. Because of the initial work of Permutt, Howell, and colleagues (1), pulmonary vasculature is considered to comprise two different categories of blood vessels: those in the immediate vicinity of the alveolar septa, which are subject to intra-alveolar pressure, and the so-called extra-alveolar vessels, which are dependent on the interstitial pressure. The latter are influenced by the radial interstitial tethering forces, and see their volumes increase as lung volume is raised above FRC (19) . These two compartments are oppositely affected by lung inflation. Lung volume and the relative values of P alv , P pa , and venous pressure (P pv ) to each other are known to affect alveolar capillary dimensions (20) . Part of the current understanding of this relationship is based on morphometric data (7, 21, 22) . Mazzone (7), in rapidly frozen dog lung, showed that alveolar capillary dimensions show a remarkable decrease under zone 2 conditions 
Video 3. Representative video animation
showing the within-tidal evolution of regional gas (Vg; left column) and blood (Vb; right column) distribution in the nondependent image slice in the VT1-PEEP condition. Lower row shows corresponding tissue density images.
Video 4. Representative video animation
showing the within-tidal evolution of regional gas (Vg; left column) and blood (Vb; right column) distribution in the dependent image slice in the VT1-ZEEP condition. Lower row shows corresponding tissue density images.
(P pa . P alv . P pv ) as P alv is increased from 5 to 25 cmH 2 O. The magnitude of this drop was highly dependent on the gravitational changes in capillary pressure, and was almost completely blunted at the less dependent part of zone 2. Our finding, that the dynamic decreases in regional Vb during inspiration were more pronounced in the dependent lung slice, which was on average 20 mm caudal to the nondependent image slice, is in agreement with these morphometric data. This phenomenon is further illustrated by the sharper slope of the regional Vb versus Vg relationship in the more dependent lung image ( Figure 5 ), whereas the changes in Vg were more similar between the two image levels. In this study, larger extra-alveolar vessels were excluded from the Vb maps; however, small, subresolution extra-alveolar vessels (<0.5 mm) could not be eliminated, and therefore contribute to the average regional changes in Vb, which therefore represents a net effect. Together, our data suggest that the cyclic changes in Vb distribution result from the interaction between lung volume and the relative values of alveolar luminal and intravascular pressures. These cyclic variations are not uniform throughout the lung, and depend on gravimetric changes in transcapillary pressure.
The decrease in alveolar capillary caliber and volume during positive-pressure inspiration translates into an increase in PVR and right ventricular afterload. Beck and Lai-Fook (23) previously showed in in situ-isolated rabbit lung that perfusion decreases as lung volume is increased under zone 3 (P pv . P alv ) conditions, with an even larger relative decrease under zone 2. Dawson and colleagues (5), in isolated, perfused cat lung, found that lung capillary resistance increases as the lung is inflated, and that it represents the larger portion of the total PVR at the higher lung volumes. The increase in PVR with lung inflation contributes to the reduction in CO. Here again, both PEEP and high VTs can contribute to this mechanism. We found that a moderate PEEP of 9 cmH 2 O decreased both the mean Vb ( Figure 3 ) and its maximal expiratory value (Figure 4 ). In the additional group of animals, in which CO was measured by thermodilution (which can be seen as a mean value over the whole respiratory cycle), the same level of PEEP decreased CO, whereas a higher VT of 9 ml/kg did not. The lack of a significant effect of VT may have been due to the moderate increase of 45%, and larger increases may have produced a more significant change. Alternatively, a potential drop in CO upon inspiration under higher VT values may be compensated during expiration, whereas this is not the case on PEEP. Moreover, the variation in pulmonary Vb also depends on the volemic status, which was stably maintained in this study. On the other hand, an increase in I:E from 0.5 to 1.7 through an EIP slightly, but significantly, decreased the minimal regional Vb, regardless of PEEP or VT. This difference was also seen in the systemic hemodynamic parameters, where mean P pa was slightly lower and the inspiratory-toexpiratory drop in systolic pressure was larger during EIP. This suggests that the decrease in regional pulmonary Vb during positive-pressure inflation, presumably through the compression and progressive emptying of intra-alveolar microvasculature (8) , is a time-dependent phenomenon.
The ratio of normalized regional Vg to Vb (Vg n /Vb n , Figure 6 ) showed that this parameter increased during inspiration, reaching almost 1.0 at VT1-ZEEP, at both axial image levels, whereas it decreased cyclically to approximately 0.6 on expiration. Therefore, in baseline conditions, the quantitative correspondence between Vg n and Vb n improved during inspiration. This could have a potential effect on within-breath gas exchange, but we cannot confirm this finding based on the present data. Further study is needed to investigate this hypothesis through concomitant rapid measurements of arterial carbon dioxide pressure in normal and pathologic lung, particularly in models of acute respiratory distress syndrome, where the current imaging methodology can help elucidate the impact of ventilation settings on regional lung function (24) .
With a PEEP of 9 cmH 2 O, the Vg n :Vb n ratio exceeded 1.0 at both axial image levels. The same effect on the Vg n :Vb n ratio was observed with the higher VT, but only at the nondependent image level. A possible explanation is the similar relative increase in Vg n at the nondependent as compared with the dependent level, whereas the drop in Vb was smaller in magnitude in the nondependent image slice, both under PEEP and the higher VT. The higher Vg n :Vb n ratios approaching 1.2 suggest a possible dead-space effect at end inspiration under these conditions, which could negatively impact gas exchange.
Study Limitations
Our study had several limitations. Pulmonary P pa and flow could not be measured, due to the technical complexity of the setup. These would have been helpful in further characterizing the impact of the regional changes in Vb distribution on PVR. The number of experimental conditions that could be tested was limited to two axial image levels, one higher VT and one level of PEEP, due to time-limited access to the imaging facility. Ideally, a larger range of each parameter should have been tested, which was not possible, due to timelimited access to the imaging facility. In addition, the imaging technique does not yet allow dynamically imaging the lung in three dimensions, although an ongoing upgrade in the imaging setup may allow the acquisition of volumetric data in the near future. Although the major airways and blood vessels were removed by segmentation before analysis, vessels the diameters of which were less than approximately 1.5 mm could not be excluded. These vessels may include small arteries, arterioles, and small veins. The majority of studies on the partition of blood within the pulmonary vasculature in dog and man indicate that the bulk of pulmonary Vb is contained in the capillaries (25) (26) (27) . Finally, the lung was imaged in the vertical position. This was dictated by the geometry of the imaging setup, where the fan beam is horizontally oriented. This means that there is no gravitational gradient within the depicted images. Alike many previous studies in the isolated perfused lung model in the literature, this position allowed us to assess the effect of gravity on the regional cyclic changes in Vb. 
Conclusions
We used a synchrotron computed tomography imaging technique that allows mapping the dynamic changes in the regional distribution of Vb and Vg within the respiratory cycle in anesthetized, paralyzed, and mechanically ventilated rabbit with normal lungs. Our data demonstrate, for the first time, cyclic variations in regional pulmonary Vb over the course of the respiratory cycle. The magnitude of the cyclic changes in regional Vb was larger in the dependent region of the lung, and both the average value and cyclic variations in regional Vb were decreased by a PEEP of 9 cmH 2 O. Increasing the I:E ratio from 0.5 to 1.7 also reduced the regional Vb during inspiration, whereas the effect of a 45% increase in VT was not significant. The quantitative matching of regional Vg and Vb improved upon inspiration under ZEEP. Further study will determine whether these phenomena affect intratidal gas exchange. n
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